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ABSTRACT 

R e s u l t s  are  p r e s e n t e d  of t h e  a s s e s s m e n t  o f  
AVIRIS performance d u r i n g  t h e  i387 f l i g h t  season  by 
t h e  AVIRIS p r o j e c t  and  t h e  e a r t h  s c i e n t i s t s  who 
w e r e  chartered by NASA t o  conduct an  independen t  
da ta  q u a l i t y  and  s e n s o r  performance e v a l u a t i o n .  
The AVIRIS  e v a l u a t i o n  program began i n  l a t e  J u n e  
1987 w i t h  t h e  s e n s o r  mee t ing  most o f  i t s  d e s i g n  
r e q u i r e m e n t s  e x c e p t  f o r  s i g n a l - t o - n o i s e  r a t i o  i n  
t h e  f o u r t h  s p e c t r o m e t e r ,  w h i c h  w a s  a b o u t  h a l f  o f  
t h e  r e q u i r e d  level .  S e v e r a l  e v e n t s  r e l a t ed  t o  
p a r t s  f a i l u r e s  and  d e s i g n  f laws  f u r t h e r  r e d u c e d  
s e n s o r  p e r f o r m a n c e  o v e r  t h e  f l i g h t  s e a s o n .  
S u b s t a n t i a l  a g r e e m e n t  was f o u n d  b e t w e e n  t h e  
a s s e s s m e n t s  by t h e  p r o j e c t  and t h e  i n d e p e n d e n t  
i n v e s t i g a t o r s  o f  t h e  e f fec ts  o f  these v a r i o u s  
f a c t o r s .  A summary o f  the  engineer ing  work t h a t  i s  
b e i n g  done t o  ra ise  A V I R I S  p e r f o r m a n c e  t o  i t s  
r e q u i r e d  leve l  i s  g i v e n .  I n  s p i t e  o f  d e g r a d i n g  
d a t a  q u a l i t y  o v e r  t h e .  f l i g h t  s e a s o n ,  severa l  
e x c i t i n g  s c i e n t i f i c  r e s u l t s  were o b t a i n e d  from the  
data .  These i n c l u d e  the  mapping of  t h e  s p a t i a l  
v a r i a t i o n  o f  a t m o s p h e r i c  p r e c i p i t a b l e  w a t e r ,  
d e t e c t i o n  of environmentally-induced.shifts- i n  t he  
spectral red edge o f  stressed vege ta t ion ,  d e t e c t i o n  
of  spectral  f e a t u r e s  related t o  pigment, leaf water 
and l i g n o - c e l l u l o s e  a b s o r p t i o n s  i n  p l a n t s ,  and t h e  
i d e n t i f i c a t i o n  o f  many d i a g n o s t i c  m i n e r a l  
a b s o r p t i o n  f e a t u r e s  i n  a v a r i e t y  o f  g e o l o g i c a l  
s e t t i n g s .  

INTRODUCTION 

T h e  A V I R I S  Performance Eva lua t ion  Workshop held a t  J P L  
on J u n e  6 ,  7 ,  and  8, 1988, was t h e  c u l m i n a t i o n  o f  an  
i n t e n s i v e  assessment  of data  q u a l i t y  and  s e n s o r  performance.  
The e v a l u a t i o n  was sponsored  by NASA and conduc ted  by t h e  
AVIRIS p r o j e c t  a n d  a n  independent  g r o u p  of NASA-selected 
s c i e n t i s t s .  Development of the  AVIRIS f l i g h t  and ground data 
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p r o c e s s i n g  s y s t e m s  Pegan  i n  1984 i n  r e s p o n s e  t o  a n  
u n s o l i c i t e d  p r o p o s a l  t o  NASA the  p r e v i o u s  y e a r .  Eng inee r ing  
f l i g h t s  were c o n d u c t e d  w i t h  t h e  s e n s o r  i n  t h e  w i n t e r  and  
s p r i n g  of 1987 i n  c o n j u n c t i o n  w i t h  e x t e n s i v e  l a b o r a t o r y  
t e s t i n g  of t h e  s e n s o r  i n  t h e  AVIRIS c a l i b r a t i o n  l a b o r a t o r y  a t  
J P L .  By June  1987, t h e  s e n s o r  w a s  pe r fo rming  c l o s e  t o  t h e  
d e s i g n  g o a l s ,  m e e t i n g  most  r e q u i r e m e n t s .  The n o t a b l e  
e x c e p t i o n  w a s  t h e  s i g n a l - t o - n o i s e  r a t i o  (SNR) i n  t h e  f o u r t h  
s p e c t r o m e t e r ,  which w a s  o n l y  a b o u t  h a l f  t h e  d e s i g n  
r e q u i r e m e n t .  However, b e c a u s e  f l i g h t  da t a  f rom A V I R I S  
s p e c t r o m e t e r  D w e r e  shown t o  be a d e q u a t e  f o r  m e e t i n g  t h e  
o r i g i n a l  s c i e n c e  r equ i r emen t s ,  i .e . ,  t he  d e t e c t i o n  o f  s u b t l e  
spectral  f e a t u r e s  such  as the  OH a b s o r p t i o n  d o u b l e t  a t  2 .2  pm 
i n  t h e  spectrum o f  t h e  c l a y  m i n e r a l  k a o l i n i t e ,  t h e  d e c i s i o n  
w a s  made t o  conduct  t h e  data  q u a l i t y  and s e n s o r  per formance  
e v a l u a t i o n  program d u r i n g  t h e  summer o f  1987 as p l anned ,  and 
defer f u r t h e r  improvements,  such  as  i n c r e a s i n g  SNR, t o  t h e  
f o l l o w i n g  w i n t e r .  F l i g h t s  w e r e  begun i n  l a t e  J u n e  a t  t h e  
E a s t  c o a s t  NASA Wallops I s l a n d  f a c i l i t y  on t h e  U-2  a i r c r a f t  
and con t inued  on t h e  West c o a s t  a t  NASA Ames from l a t e  J u l y  
t h r o u g h  October  when AVIRIS w a s  r e t u r n e d  t o  J P L  f o r  p o s t -  
f l i g h t  season c a l i b r a t i o n ,  checkout  and upgrade .  During t h e  
4 months of o p e r a t i o n s  aboa rd  t h e  a i r c r a f t ,  several  e v e n t s  
o c c u r r e d  which compromised t h e  pe r fo rmance  o f  t he  s e n s o r .  
These events w e r e  re la ted b o t h  t o  p a r t s  f a i l u r e s  and  d e s i g n  
f l a w s  t h a t  w e r e  u n d e t e c t a b l e  t h r o u g h  l a b o r a t o r y  t e s t i n g  o f  
t h e  s e n s o r .  A s  a r e s u l t  o f  w h a t  w a s  l e a r n e d  d u r i n g  t h e  i n -  
f l i g h t  t e s t i n g  o f  A V I R I S ,  t h e  upgrade  program p l a n n e d  f o r  
l a t e  1987 w a s  e n l a r g e d  and extended through 1988. 

I n  t h i s  p a p e r ,  w e  s u m m a r i z e  t h e  p e r f o r m a n c e  
character is t ics  o f  AVIRIS a t  t h e  b e g i n n i n g  o f  t he  i n - f l i g h t  
assessment program, describe t h e  p r o b l e m s  t h a t  o c c u r r e d  
d u r i n g  t h e  1987 o p e r a t i o n s  a n d  how t h e y  a f f e c t e d  d a t a  
q u a l i t y ,  summar ize  t h e  f i n d i n g s  o f  t h e  i n d e p e n d e n t  
p e r f o r m a n c e  e v a l u a t i o n  i n v e s t i g a t o r s  whose r e p o r t s  a r e  
p u b l i s h e d  i n  these p r o c e e d i n g s ,  a n d  b r i e f l y  describe t h e  
u p g r a d e  program t h a t  i s  unde r  way a t  J P L  t o  b r i n g  A V I R I S  
performance t o  t h e  r e q u i r e d  level. 

AVIRIS PERFORMANCE DURING THE FIRST FLIGHT SEASON 

AVIRIS i s  a "whisk-broom" imaging s p e c t r o m e t e r  employing 
a s c a n n i n g  f o r e o p t i c  c o n n e c t e d  by  o p t i c a l  f i b e r s  t o  4 
spec t romete r s ,  each w i t h  a l i n e  a r r a y  o f  d e t e c t o r  e l emen t s  a t  
i t s  focus .  Data encoded a t  1 0  b i t s  are r e c o r d e d  a t  t he  r a t e  
of  17  Mbps on an  on-board t a p e  r e c o r d e r .  A l so  r e c o r d e d  are  
data  from an  on-board c a l i b r a t o r  and  v a r i o u s  e n g i n e e r i n g  data 
from the  s e n s o r .  F l i g h t  data  are  s u b s e q u e n t l y  p r o c e s s e d  a t  
J P L  a t  a d e d i c a t e d  computer  f a c i l i t y .  T h e  i n s t r u m e n t  and 
ground d a t a  p r o c e s s i n g  f a c i l i t y  a re  described i n  d e t a i l  i n  a 
s u i t e  o f  p a p e r s  by t h e  A V I R I S  e n g i n e e r s  i n  Vane (1987a and 
b ) .  A b r i e f  d e s c r i p t i o n  o f  t h e  i n s t r u m e n t  i s  g i v e n  i n  
Appendix 1 o f  these p r o c e e d i n g s  by  Vane e t  a l .  ( 1 9 8 8 ) .  
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Figure  1 i s  an a r t i s t ' s  sketch of t h e  f l i g h t  hardware i n  t h e  
NASA U-2 a i r c r a f t  (see s l i d e  No. 1 ) .  

A t  t h e  s t a r t  of f l i g h t  o p e r a t i o n s  i n  l a t e  June, 1987, 
t h r e e  e n g i n e e r i n g  f l i g h t s ,  i n c l u d i n g  t h e  f i r s t  f i e l d  
c a l i b r a t i o n  expe r imen t ,  and 3 l a b o r a t o r y  c a l i b r a t i o n s  had 
been per formed on A V I R I S .  Table  1 summarizes t h e  s e n s o r  
performance a t  t h e  s t a r t  of f l i g h t  o p e r a t i o n s  a s  determified 
i n  t h e  l a b o r a t o r y .  

Table  1. A V I R I S  performance a t  t h e  s t a r t  of t h e  1 9 8 7  f l i g h t  
season 

Parameter  Requirement Achieved 

S p e c t r a l  Coverage 
S p e c t r a l  Sampling 
S p e c t r a l  Bandwidth 
SNR (Albedo = 0 . 5 )  

I F O V  
Swath from U-2 
S p a t i a l  Oversampling 
I n t e r n a l  Image Geometry 

Cum.  E r r o r  over  Scan 
P ixe l - to -P ixe l  E r ro r  

S i g n a l  Level S t a b i l i t y  
C a l i b r a t i o n  

S p e c t r a l  
Radiometr ic  ( a b s o l u t e )  

0 . 4  t o  2 . 4  pm 
10  nm 
1 0  nm 
1OO:l a t  0 . 7  pm 
5 0 : l  a t  2 . 2  pm 
1 mrad 
1 0  km 
15% 

0 . 5  mrad 
0 . i  mrad 
3% 

5 nm 
1 0 %  

0 . 4 1 0  t o  2 . 4 5 1  pm 
9 . 6  t o  1 0 . 0  pm 
9 . 0  t o  1 1 . 6  pm 
1 1 0 :  1 
20:l 
0 . 9 5  mrad 
1 0 . 5  km 
1 7 %  

0 . 2 6  mrad 
0 . 0 6  mraa 
2 . 4  t o  7 . 7 %  

0 . 8  t o  2 . 1  nm 
7 .3% 

The a r e a s  of  sensor p e r f o r m a n c e  n o t  m e e t i n g  t h e  
r equ i r emen t s  were SNR a t  2 . 2  p m  and s i g n a l  l e v e l  s t a b i l i t y .  
The r e q u i r e d  and achieved  SNR performance c i t e d  i n  Table 1 i s  
r e f e r r e d  t o  a s t anda rd  scene rad iance  determined by an a lbedo  
of  0 . 5  a t  mid - l a t i t ude ,  mid-summer, w i t h  an atmosphere of 23 
km v i s i b i l i t y  w i t h  r u r a l  a e r o s o l s  ( s e e  Green e t  a l . ,  1988, 
f o r  a more d e t a i l e d  d e s c r i p t i o n  of  t h e  AVIRIS r e f e r e n c e  
r ad iance  model ) .  The achieved performance was measured i n  
t h e  l a b o r a t o r y  w i t h  a c a l i b r a t e d  i n t e g r a t i n g  s p h e r e  whose 
r a d i a n c e  o u t p u t  was no rma l i zed  t o  t h e  A V I R I S  r e f e r e n c e  
r a d i a n c e .  While  t h e  SNR requirement  of 5 0 : l  was no t  be ing  
met a t  t h e  s t a r t  of  t h e  f l i g h t  season ,  e n g i n e e r i n g  f l i g h t  
d a t a  over  Cupr i t e ,  Nevada showed t h a t  t h e  s e n s o r  performance 
a t  t h a t  wavelength was adequate  f o r  d e t e c t i n g  t h e  k a o l i n i t e  
d o u b l e t  unde r  t h e  c o n d i t i o n s  a t  C u p r i t e  (Vane, 1 9 8 7 ~ ) .  
S i g n a l  l e v e l  s t a b i l i t y  i n  Table 1 r e f e r s  t o  t h e  s t a b i l i t y  of 
t h e  r a d i o m e t r i c  r e sponse  f u n c t i o n ,  which i s  d i f f e r e n t  f o r  
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each s p e c t r o m e t e r  because  o f  t h e  s m a l l  d i f f e r e n c e s  i n  t he i r  
thermal  and  op to -mechan ica l  c o n f i g u r a t i o n s .  I n  t h e  pre- 
f l i g h t  s e a s o n  l a b o r a t o r y  t e s t i n g  o f  A V I R I S ,  w e  found t h a t  
spec t romete r  D w i t h  a s t a b i l i t y  of 2.4%, m e t  t he  requi rement ,  
which w a s  derived from t h e  a b s o l u t e  r a d i o m e t r i c  c a l i b r a t i o n  
r equ i r emen t ,  w h i l e  spec t romete r s  A, B and  C, a t  3.5%, 7 .7%,  
a n d  4 .2% r e s p e c t i v e l y ,  d i d  n o t  m e e t  t h e  r e q u i r e m e n t  f o r  
r a d i o m e t r i c  r e sponse  f u n c t i o n  s t a b i l i t y  (Vane e t  a l . ,  1987) . 
S p e c t r a l  coverage o v e r l a p  between the spec t romete r s ,  p l u s  t h e  
on-board c a l i b r a t o r ,  c o u l d  be u s e d  t o  t i e  the  r a d i o m e t r y  o f  
s p e c t r o m e t e r s  A, B, and C t o  t h e  more s t ab le  s p e c t r o m e t e r  D 
if desired, however. 

Three  o t h e r  areas a f f e c t i n g  da ta  q u a l i t y  and  s e n s o r  
p e r f o r m a n c e  were a l s o  known a t  t h e  s t a r t  o f  t h e  f l i g h t  
season .  F ixed  p a t t e r n  n o i s e  was p r e s e n t  i n  t h e  data from a l l  
s p e c t r o m e t e r s  a n d  had been s t u d i e d  t h r o u g h  a F o u r i e r  
t r a n s f o r m  a n a l y s i s .  Only i n  spec t rometer  D ,  however, w a s  i t s  
ampl i tude  great  enough t o  be observable  t o  the eye,  and t h e r e  
o n l y  i n  h i g h l y  stretched images o f  un i fo rm t a rge t s  such  as 
t h e  i n t e r i o r  o f  t h e  AVIRIS i n t e g r a t i n g  sphere. Spec t romete r  
D w a s  a l s o  known t o  have 2 noisy d e t e c t o r  e lements  i n  i t s  64- 
e l e m e n t  l i n e  a r r a y .  T h e i r  l o c a t i o n s  w e r e  a t  spec t ra l  
c h a n n e l s  181  and 210, o r  2.026 and  2.312 pm, r e s p e c t i v e l y .  
F i n a l l y ,  v i g n e t t i n g  w a s  present i n  t h e  f o r e o p t i c s  o f  about  8% 
a t  t h e  l e f t  edge o f  t h e  f i e l d  o f  v i e w .  These and  t h e  areas 
d i s c u s s e d  above w e r e  t o  be addressed  i n  t h e  upgrade  program 
a t  t he  end o f  t h e  f l i g h t  season. 

Evo lu t ion  of AVLRIS Performance Over the  F l h h t  Seasm 

A s  a r e s u l t  of t n e  e x t e n s i v e  o p e r a t i o n  o f  A V I R I S  aboa rd  
t he  U-2 ,  coup led  w i t h  a f i e l d  c a l i b r a t i o n  exper iment  a t  t h e  
e n d  o f  t h e  s e a s o n ,  a p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  
c a l i b r a t i o n  and t h e  subsequent tear-down of  t h e  in s t rumen t ,  a 
great deal w a s  l e a r n e d  about  sensor  performance by t h e  A V I R I S  
p r o j e c t  by t h e  t i m e  o f  t h e  Performance E v a l u a t i o n  Workshop. 
I n  p a r t i c u l a r ,  severa l  a d d i t i o n a l  a r e a s  o f  p e r f o r m a n c e  
w e a k n e s s  t h a t  d e v e l o p e d  ove r  t h e  f l i g h t  s e a s o n  w e r e  
i d e n t i f i e d ,  t h e i r  causes  determined and s o l u t i o n s  i d e n t i f i e d .  
Appendix 1 c o n t a i n s  2 pape r s  t h a t  w e r e  p r e s e n t e d  a t  t h e  
Or lando ,  F l o r i d a  m e e t i n g  o f  t h e  S o c i e t y  o f  P h o t o - O p t i c a l  
I n s t r u m e n t a t i o n  E n g i n e e r s  ( S P I E )  A p r i l  6, 7 ,  and  8,  1988, 
t h a t  d e t a i l  w h a t  w a s  l e a r n e d  t h r o u g h  t h e  f i e l d  c a l i b r a t i o n  
e x p e r i m e n t  and  p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  c a l i b r a t i o n  
(Cone1 e t  a l . ,  1988a, and Vane e t  a l . ,  1988, r e s p e c t i v e l y ) .  

W e  summarize t h e  r e s u l t s  here as  t h e y  p e r t a i n  t o  r a d i o m e t r i c  
s t a b i l i t y ,  spec t ra l  performance and  SNR. D e t a i l s  o f  t h e  
e n g i n e e r i n g  work b e i n g  done t o  address these problems i s  
d i s c u s s e d  i n  t h e  l a s t  section o f  t h e  paper .  

t r i c  s t a i l i t v .  V a r i a t i o n s  of  5 0 %  o r  more w e r e  
s e e n  i n  t h e  r a d i o m e t r i c  response  o f  t h e  s e n s o r  r e l a t i v e  t o  
t h e  AVIRIS  r e f e r e n c e  r a d i a n c e  model. T h e  c a u s e s  were (1) an  
i n a d e q u a t e  s p e c t r o m e t e r  thermal  c o n t r o l  system, ( 2 )  warpage 

I ,  
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o f  t h e  AVIRIS i n s t r u m e n t  rack,  (3) de tachmen t  o f  o p t i c a l  
fibers t o  2 o f  t he  s p e c t r o m e t e r s ,  (4) f a i l u r e  o f  a component 
i n  t h e  s i g n a l  c h a i n  e l e c t r o n i c s ,  and  (5 )  breakage of  a 
b l o c k i n g  f i l t e r  i n  one of t h e  s p e c t r o m e t e r s .  Because o f  t h e  
c l o s e  match between t h e  s i z e  of  t he  cone of  l i g h t  f a l l i n g  on 
t h e  AVIRIS d e t e c t o r s  and  t h e  d e t e c t o r  d imens ions ,  thermal  
c o n t r o l  of  t h e  spec t romete r  b o d i e s  i s  c r i t i ca l  t o  m a i n t a i n i n g  
al ignment  and, t h e r e f o r e ,  c o n s t a n t  s i g n a l  level .  The the rma l  
c o n t r o l  s y s t e m  used  d u r i n g  t h e  f i r s t  f l i g h t  s e a s o n  he ld  the 
s p e c t r o m e t e r  b o d i e s  t o  w i t h i n  3 degrees C o f  a pre-set 
temperature, wh ich  r e s u l t e d  i n  t h e  l a b o r a t o r y  s t a b i l i t y  
p e r f o r m a n c e  n o t e d  e a r l i e r .  The much c o l d e r  a i r c r a f t  
env i ronmen t  c a u s e d  l a r g e r  f l u c t u a t i o n s  i n  t e m p e r a t u r e ,  
however ,  and  t h e r e f o r e  s i g n a l  l eve ls .  Warpage o f  t h e  
i n s t r u m e n t  rack i n  t he  a i r c r a f t  a p p a r e n t l y  r e s u l t e d  because  
o f  a des ign  d e f i c i e n c y  by t h e  manufac tu re r .  The warpage was 
t r a n s m i t t e d  t o  a t  l ea s t  s p e c t r o m e t e r  D ,  r e s u l t i n g  i n  a 
d e g r a d a t i o n  of o p t i c a l  a l ignment .  I n  t h e  p o s t - f l i g h t  s eason  
i n s p e c t i o n  of t h e  i n s t r u m e n t ,  it w a s  d i s c o v e r e d  t h a t  t h e  
o p t i c a l  fibers t o  s p e c t r o m e t e r s  A and B had become detached 
because  of an  epoxy f a i l u r e .  T h i s  r e s u l t e d  i n  b o t h  a s i g n a l  
l o s s  i n  each s p e c t r o m e t e r  and  a d e g r a d a t i o n  o f  spec t r a l  
r e s o l u t i o n  d i s c u s s e d  below. During the  f l i g h t  season ,  sudden 
s h i f t s  i n  b r i g h t n e s s  were o c c a s i o n a l l y  n o t e d  i n  t h e  images 
from t h e  v a r i o u s  s p e c t r o m e t e r s .  T h i s  w a s  t raced  t o  t h e  
p o t e n t i o m e t e r s  i n  t h e  preamplif ier  c i r c u i t s  which n u l l  t h e  
dark c u r r e n t  o f f s e t  of t h e  d e t e c t o r  s i g n a l  p r i o r  t o  s i g n a l  
p r o c e s s i n g ,  i n  o r d e r  t o  keep d e t e c t o r  dark c u r r e n t  levels on 
scale .  T h i s  had t h e  a d d i t i o n a l  effect  o f  making it a p p e a r  
t h a t  t h e  o u t p u t  o f  some d e t e c t o r  e l emen t s  w a s  z e r o  when the  
o f f s e t  d r i f t  w a s  n e g a t i v e .  Table 2 summarizes t h e  spectral  
c h a n n e l s  a f f e c t e d  by t h i s  problem, which show up i n  t h e  da ta  
as  having  da rk  c u r r e n t  v a l u e s  o f  z e r o .  F i n a l l y ,  the  breakage 
o f  t he  KH2P04 c r y s t a l  ( K D P )  f i l t e r  i n  s p e c t r o m e t e r  B e a r l y  i n  
t h e  f l i g h t  s e a s o n ,  c a u s e d  a d d i t i o n a l  f l u c t u a t i o n s  i n  t h e  
r e s p o n s e  o f  t h a t  s p e c t r o m e t e r .  These 5 f a c t o r s  t a k e n  
t o g e t h e r  on an i n d i v i d u a l  s p e c t r o m e t e r  bas i s  a r e  t h o u g h t  t o  
e x p l a i n  most o f  t h e  i n s t r u m e n t  r e s p o n s e  i n s t a b i l i t i e s  s e e n  
d u r i n g  t h e  1987 f l i g h t  s e a s o n .  See Vane e t  a l .  (1988) i n  
Appendix 1 f o r  a much more thorough d i s c u s s i o n .  

Table 2.  AVIRIS spectral channels  w i t h  dark c u r r e n t  o f  z e r o  

F l i g h t  Date Channel Number 

4 6/25 162, 163, 166, 168, 169, 173, 189, 200, 
214, 216 

5 7 / 4  162, 168, 173 
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Table 2. (contd) 

Flight Date Channel Number 

6 
7 

9 
10 
11 
12 
13 

15 
16 
17 
18 
19 

7/9 
7/i33 

7/24 
7/30 
8/1 
9/14 
9/18a 

162, 168, 173 
i62-i66, i68, i69, 173-178, 1 8 0 ,  182, 184, 
189, 194, 197, 200, 201, 205, 208, 209, 
211, 213, 214, 216, 223 
162, i68 
162, 168 
162, 168 
20, 24, 26, 28, 32, 162, 163, 168, 169, 173 
20, 24, 26, 28, 32, 34, 40, 64, 72, 80,162, 
163, 165, 168, 169, 173, 176, 189, 205 
none 
none 
none 
none 
none 

apotentiometers adjusted and/or replaced after these flights. 
bAlthough no channels had dark current values of zero, small 
line-to-line offsets were still occurring. 

e. Item numbers (2) and (3) above 
a l s o  affected the spectrai aiignment ana bandwidths of the 
AVIRIS spectrometers. Warpage of spectrometer D induced by 
distortion of the instrument rack probably accounts for the 3 
nm shift in spectral alignment measured in the post-flight 
season laboratory calibration (Vane et al., 1988) and 
subsequently measured in the flight data from flight number 
10 on July 30, 1987 (Green et al., 1988). Detachment of the 
optical fibers to spectrometers A and B caused a broadening 
of the spectral response functions and shifts in the spectral 
alignments of both spectrometers. Vane et al. (1988) report 
post-flight season bandwidths of 17 and 14 nm and spectral 
alignment shifts of 6 and 2 nm toward the blue for 
spectrometers A and B respectively. Green et al. (1988) 
report from the flight data of July 30, 1987, spectral 
bandwidths of 15 and 17 nm and alignment shifts of 0 and 4 nm 
toward the blue for A and B respectively. We take the 
discrepancy between these 2 independent determinations to be 
an indication of the dynamic nature of the spectral response 
of these two spectrometers because of the detached and 
therefore moveable optical fibers. A similar disagreement 
between the in-flight radiometric response and the pre- and 
post-flight season radiometry is noted by Cone1 et al. 
(1988a). 
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S i a n a l - t o - n o i s e  r>e r f o r m a n c e .  A l l  o f  t h e  f a c t o r s  
d i s c u s s e d  above which a f fec t  i n s t r u m e n t  o u t p u t  s i g n a l  levels 
a l s o  a f f e c t  SNR. I n  a d d i t i o n ,  i n c r e a s e s  i n  e l e c t r o n i c  n o i s e  
w e r e  no ted  o v e r  t h e  f l i g h t  s e a s o n .  One s o u r c e  w a s  t h e  
f a i l i n g  p o t e n t i o m e t e r s  which by t he  end  o f  t he  f l i g h t  season  
w e r e  c a u s i n g  l i n e - b y - l i n e  v a r i a t i o n s  i n  o f f s e t s .  
A d d i t i o n a l l y ,  t h i s  e f f ec t  n u l l i f i e s  t h e  g a i n  one  would 
no rma l ly  ge t  by a v e r a g i n g  s p a t i a l  p i x e l s  t o  enhance  SNR by 
t h e  squa re  r o o t  o f  t h e  number o f  p i x e l s  averaged. W e  a l s o  
no ted  an  i n c r e a s e  i n  t h e  Gaussian n o i s e  level i n  spec t romete r  
D ,  and i n c r e a s e s  i n  f i x e d  p a t t e r n  n o i s e  i n  a l l  spec t romete r s ,  
b u t  again,  e s p e c i a l l y  i n  s p e c t r o m e t e r  D .  Most o f  t h e  
preamplifier and  c l o c k  dr iver  b o a r d s  w e r e  reworked several 
t i m e s  t o  improve per formance  b e f o r e  t h e  f l i g h t  s e a s o n  began 
t o  op t imize  n o i s e  per formance .  T h i s  p r o b a b l y  weakened t h e  
boa rds ,  making them more s u s c e p t i b l e  t o  s u c h  n o i s e  paths  as 
v i b r a t i o n  of v a r i o u s  e l e c t r o n i c  components on the  boa rds .  A s  
a r e s u l t  of these f a c t o r s ,  t h e  SNR o f  s p e c t r o m e t e r  D w a s  as 
low as  1O:l by t h e  end  o f  the  f l i g h t  s e a s o n ,  n o r m a l i z e d  t o  
t h e  AVIRIS r e f e r e n c e  r ad iance  model. 

I ,  

CI F a c a t y  Performance 

The A V I R I S  Ground Data P rocess ing  F a c i l i t y  c o n s i s t s  o f  a 
dedicat.ed VAX 11-780 computer, an  Ampex HBR3000 high d e n s i t y  
d i g i t a l  t a p e  drive,  2 9 - t r a c k  6250 bpi  tape dr ives ,  and  
dedicated hard d i s k  d r ives ,  p r i n t e r s ,  d i s p l a y  devices, 
t e r m i n a l s ,  an o p t i c a l  d i s k  drive, a m a t r i x  f i l m  r e c o r d e r ,  and 
an  i n t e r l a n  e t h e r n e t  i n t e r f a c e .  T h e  pu rpose  o f  t he  f a c i l i t y  
i s  t o  conver t  f l i g h t  data on high d e n s i t y  tapes ( H D T s )  t o  9- 
t rack  6250 b p i  archival  computer compa t ib l e  t a p e s  ( C C T s )  and 
quick-look hardcopy images (archival  p r o c e s s i n g ) ,  t o  p r o v i d e  
eng inee r ing  data  t o  the  ins t rumen t  team f o r  t i m e l y  moni tor ing  
o f  ins t rument  performance, t o  p r o c e s s  r e q u e s t e d  data from the  
a rch ive  t h r o u g h  s p a t i a l  a n d  s p e c t r a l  s u b s e t t i n g  a n d  
r a d i o m e t r i c  a n d  g e o m e t r i c  r e c t i f i c a t i o n  ( r e t r i e v a l  
p r o c e s s i n g ) ,  and t o  p r o v i d e  a n a l y t i c a l  p r o c e s s i n g  suppor t  f o r  
v i s i t i n g  s c i e n t i s t s .  Also,  selected s c e n e s  s p e c i f i e d  by t h e  
AVIRIS experiment  s c i e n t i s t  are archived on o p t i c a l  d i s k  f o r  
d i s t r i b u t i o n  t o  anyone who wishes  a copy. The sys tem and 
i t s  f u n c t i o n s  are  described i n  d e t a i l  by R e i m e r  e t  a l .  
( 1 9 8 7 ) .  Dur ing  t h e  1987 f l i g h t  s e a s o n ,  t h e  A V I R I S  Ground 
Data Process ing  F a c i l i t y  performed f l a w l e s s l y .  

During 1987, the  e q u i v a l e n t  o f  795 f u l l  6250 b p i  CCTs o f  
d a t a  were c o l l e c t e d  a n d  p r o c e s s e d  a s  a r e s u l t  o f  t h e  
performance e v a l u a t i o n  program and t h e  pre- and p o s t - f l i g h t  
season  p r o j e c t  e n g i n e e r i n g  e v a l u a t i o n  ac t iv i t ies .  T h e  d e s i g n  
g o a l  f o r  t h e  f a c i l i t y  w a s  t o  complete re t r ieval  p r o c e s s i n g  i n  
no more t h a n  3 w e e k s  of  elapsed t i m e  f rom receipt o f  t h e  
p r o c e s s i n g  r e q u e s t  from t h e  i n v e s t i g a t o r .  T h i s  g o a l  w a s  
achieved. I n  a d d i t i o n ,  1 0  i n v e s t i g a t o r s  s p e n t  an  average o f  
3 days  each a n a l y z i n g  t h e i r  f l i g h t  data  a t  t h e  A V I R I S  Ground 
Data P r o c e s s i n g  F a c i l i t y .  Table 3 summar izes  t h e  da t a  
p r o c e s s i n g  s t a t i s t i c s  f o r  1987.  The f l o w  o f  da t a  from 
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acquisition to distribution of processed products is: (1) 
Data acquisition aboard the NASA U-2, (2) mailing HDT to 
AVIRIS Ground Data Processing Facility at JPL, (3) archival 
processing at JPL, (4) mailing a copy of the quick-look 
hardcopy images and a retrieval processing request form to 
the investigator, ( 5 )  investigator returns retrieval request 
form to JPL indicating which data are to be processed and to 
what level, and (6) CPL inails processed data on 6250 bpi CCT 
to investigator. 

Table 3. AVIRIS 1987 data processing statistics 

Data Quantity Collected 33 HDTs 
Data Quantity Archived (Archival Processing) 795 CCTs 
Data Quantity Processed (Retrieval Processing) 339 CCTs 

Number of Investigators Who Received Data 58 

Data Processing Times (Average) 
From Acquisition through Archival Processing 6 weeks 
From Archival Processing to Receipt of 

Retrieval Processing Request Form 7 weeks 
From Receipt of Request Form to Mailing of 

Fully Processed Data on CCTs 3 weeks 

RESULTS OF THE INDEPENDENT PERFORMANCE EVALUATION OF AVIRIS 

In the following section of the paper we summarize the 
work presented in these proceedings of 15 of the 
investigations sponsored by NASA to assess AVIRIS data 
quality and sensor performance. In addition to assessing 
data quality, many of the investigations attempted to use 
AVIRIS data to address scientific problems. 

Cone1 et al. (198813) used AVIRIS data from Mountain 
Pass, California to assess the potential for recovering 
atmospheric water abundance in the vertical column below the 
sensor at the spatial resolution of AVIRIS. Using a band 
ratio method and the 940 nm atmospheric water band and the 
870 nm continuum radiance, they were able to successfully 
produce a map of the areal distribution of total precipitable 
water over the region which conforms well to topography. 
Independent validation of the AVIRIS-derived column abundance 
at one point i.n the region was supplied by a calibrated 
spectral hygrometer. The accuracy of the AVIRIS 
determination is estimated to be 10%. For average conditions 
over Mountain Pass, the uncertainty in AVIRIS-derived water 
column abundance is + / -  0.12 cm. Signal-to-noise was 
enhanced by averaging spatially 2 by 2 pixels. 
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Kief fe r  e t  a l .  (1988) a n a l y z e d  AVIRIS data from several 
si tes t o  assess i n s t r u m e n t  s t a b i l i t y  and r e s p o n s e .  Although 
t h e  da ta  were c l e a r l y  n o i s y  and  t h e  i n s t r u m e n t  r e s p o n s e  
f u n c t i o n  was u n s t a b l e  a t  t h e  t i m e s  of data  a c q u i s i t i o n ,  t h e y  
showed t h a t  v a l u a b l e  s p e c t r a l  s i g n a t u r e s  c a n  s t i l l  be 
e x t r a c t e d  and  a n a l y z e d .  Two methods  a r e  described f o r  
e x t r a c t i n g  s p e c t r a l  i n f o r m a t i o n  f rom t h e  K e l s o  Dunes,  
C a l i f o r n i a ,  b o t h  o f  which s u c c e s s f u l l y  i d e n t i f i e d  a t  l e a s t  
th ree  d i s t i n c t  spec t r a l  s i g n a t u r e s ,  a l t h o u g h  p o s i t i v e  
i d e n t i f i c a t i o n  o f  a specific material  was n o t  p o s s i b l e .  They 
a l s o  describe t h e i r  assessment  of c o h e r e n t  and random n o i s e  
and  two t e c h n i q u e s  used  f o r  minimizing these and a tmosphe r i c  
effects. 

Curran and Dungan (1988) have developed  a new p rocedure  
f o r  e s t i m a t i n g  SNR which t h e y  c a l l  t h e  " g e o s t a t i s t i c a l "  
method,  and have appl ied  it t o  5 AVIRIS d a t a  sets  t o  
i l l u s t r a t e  i t s  u t i l i t y  t o  t h e  i n v e s t i g a t o r  f o r  d e t e r m i n i n g  
where t h e  zones  o f  maximum i n f o r m a t i o n  l i e  f o r  a specif ic  
ground cover  t y p e .  They d e f i n e  zones o f  maximum i n f o r m a t i o n  
as  t h o s e  s p e c t r a l  r e g i o n s  o f  h ighes t  SNR. The p r o c e d u r e  i s  
based on removal o f  p e r i o d i c  n o i s e  by " n o t c h  f i l t e r i n g "  i n  
t he  f requency  domain and  the  i s o l a t i o n  o f  s e n s o r  n o i s e  and 
i n t r a - p i x e l  v a r i a b i l i t y  us ing  the semi-variogram. 

C l a r k  e t  a l .  (1988)  u s e d  da t a  from several  g r o u n d  
c a l i b r a t i o n  s i tes  a t  C r i p p l e  Creek and Canon C i t y ,  Colorado  
t o  r e d u c e  t h e i r  f l i g h t  da t a  t o  ground r e f l e c t a n c e .  SNR 
performance w a s  computed on selected s p e c t r a  extracted from 
t h e  cal ibrated images. T h e  data w e r e  v e r y  n o i s y ,  a l t h o u g h  
F o u r i e r  t r a n s f o r m  a n a l y s i s  revealed t h e  absence  o f  p e r i o d i c  
n o i s e  i n  t h e  data.  Random o f f s e t s  i n  s i g n a l  and dark c u r r e n t  
l eve ls  were n o t e d ,  l e a d i n g  t h e  i n v e s t i g a t o r s  t o  d r o p  t h e  
s t a n d a r d  p r o c e d u r e  of  t h e  1 0 1  s c a n  l i n e  da rk  c u r r e n t  
smoothing i n  f a v o r  o f  a l i n e - b y - l i n e  c o r r e c t i o n .  Images of 
spec t ra l  a b s o r p t i o n  band d e p t h  selected t o  be d i a g n o s t i c  o f  
t h e  p r e s e n c e  of  c e r t a i n  m i n e r a l s  a n d  v e g e t a t i o n  were 
computed. The r e s u l t i n g  images showing t h e  p r e s e n c e  o f  
g o e t h i t e ,  k a o l i n i t e  and lodgepole  p i n e  trees agreed w e l l  w i t h  
f i e l d  checks o f  t h e  t e s t  s i t e s .  C l a r k  e t  a l .  p o i n t  o u t  
however, t ha t  s u c c e s s f u l  i d e n t i f i c a t i o n  o f  these materials i n  
areas  o f  lower  abundance o r  h igher  v e g e t a t i o n  c o v e r  w i l l  
r e q u i r e  higher SNR per formance  t h a n  A V I R I S  had i n  Oc tobe r  
1987. 

Kruse e t  a l .  (1988a) have deve loped  t e c h n i q u e s  f o r  the  
a u t o m a t e d  e x t r a c t i o n  a n d  c h a r a c t e r i z a t i o n  o f  a b s o r p t i o n  
f e a t u r e s  f rom r e f l e c t a n c e  spectra and  have s u c c e s s f u l l y  
a p p l i e d  these t e c h n i q u e s  t o  AVIRIS a n d  G e o p h y s i c a l  a n d  
Envi ronmenta l  Research Imaging S p e c t r o m e t e r  ( G E R I S )  da ta .  
Maxima i n  the  spectra are  i d e n t i f i e d  a u t o m a t i c a l l y ,  and  a 
cont inuum o f  s t r a i g h t  l i n e  segments  i s  f i t  be tween these 
p o i n t s  The con t inuum i s  removed from t h e  s p e c t r u m  by 
d i v i s i o n ,  t h e  minima o f  t h e  r e s u l t i n g  s p e c t r u m  a r e  
de te rmined ,  and  t h e  1 0  s t r o n g e s t  f e a t u r e s  are  e x t r a c t e d .  
From these,  t h e  wave leng th  p o s i t i o n ,  d e p t h ,  f u l l  w i d t h  a t  
ha l f  t h e  maximum depth,  and  asymmetry f o r  each of  t h e  1 0  

10 



f e a t u r e s  a r e  d e t e r m i n e d  and  t a b u l a t e d .  T h e  r o u t i n e s  a r e  
w r i t t e n  i n  F o r t r a n  and C languages.  When a p p l i e d  t o  AVIRIS 
da ta  from t h e  Grapevine  Mountains o f  Nevada, many o f  t h e  
s t r o n g e s t  f e a t u r e s  l o c a t e d  were n o i s e ,  b u t  AVIRIS spectra  
from known areas of sericite and dolomi te  were a l s o  found. 

A second s t u d y  by Kruse et a l .  (198833) used  t h e  i n t e r n a l  
average r e l a t i v e  ( I A R )  r e f l e c t a n c e  a p p r o a c h  a n d  a U .  S .  
G e o l o g i c a l  Su rvey  (Flagstaff! developed a n a l y s i s  program 
cal led QLook t o  a n a l y z e  t h e  Grapevine Mountains data  as w e l l  
a s  t h e  Colorado  data  sets  s t u d i e d  by C l a r k  e t  a l .  A t  t h e  
G r a p e v i n e  Mountsins h n t h  m.uscovite a n d  c a r b o n a t e  were 
a c c u r a t e l y  i d e n t i f i e d  and mapped i n  t h e  imagery, b u t  low SNR 
p r e c l u d e d  d i f f e r e n t i a t i o n  between ca lc i te  and  l i m e s t o n e  and 
muscovi te  and mon tmor i l l on i t e ,  which had been p r e v i o u s l y  done 
w i t h  A I S .  The n o i s e  problems w i t h  t he  Co lo rado  data  w e r e  
a c c e n t u a t e d  by t h e  IAR t e c h n i q u e  b e c a u s e  o f  t h e  modera t e  
v e g e t a t i o n  c o v e r .  T h i s  approach t o  i n f o r m a t i o n  e x t r a c t i o n  
w a s  less s u c c e s s f u l  t h a n  t h a t  u s e d  by C l a r k  e t  a l .  described 
above. The c o n c l u s i o n  by Kruse e t  a l .  w a s  t h e  same as  C l a r k  
e t  a l . ,  however: Higher SNR is r e q u i r e d  i f  A V I R I S  i s  t o  be 
e f f e c t i v e l y  u t i l i z e d  i n  more cha l lenging  g e o l o g i c a l  s e t t i n g s .  

Rock e t  a l .  (1988)  w e r e  i n t e r e s t e d  i n  t e s t i n g  t h e  
e f f i c a c y  o f  AVIRIS data  f o r  d e t e c t i o n  o f  e n v i r o n m e n t a l l y -  
i n d u c e d  s h i f t s  i n  t h e  s p e c t r a  o f  v e g e t a t i o n  a t  t h e  
c h l o r o p h y l l  w e l l  and red edge. They u s e d  r a d i o m e t r i c a l l y  
c o r r e c t e d  d a t a  from Bishop, C a l i f o r n i a ,  which w e r e  f l a t  f i e l d  
c o r r e c t e d  u s i n g  a g r u s  p i t  o f  w e a t h e r e d  p r o d u c t s  f rom 

n o r m a l i z a t i o n  t e c h n i q u e  w a s  developed and a p p l i e d  t o  remove 
t h e  l a r g e  v a r i a t i o n s  i n  t h e  h e i g h t  o f  t h e  n e a r  i n f r a r e d  
p l a t e a u  and d e p t h  o f  t h e  c h l o r o p h y l l  w e l l  charac te r i s t ic  o f  
t h e  d i f f e r e n t  t y p e s  o f  v e g e t a t i o n  i n  t h e  area.  Both n a t i v e  
a n d  c u l t i v a t e d  v e g e t a t i o n  s i t e s  w e r e  s t u d i e d  i n  a r eas  
s u f f i c i e n t l y  l a rge  and uniform t h a t  several p i x e l s  c o u l d  be 
averaged t o  enhance SNR. When a p p l i e d  t o  data from f i e lds  o f  
g r e e n  u n c u t  a l f a l f a  and  f i e l d s  o f  f r e s h l y  c u t  g r e e n  b u t  
d r y i n g  a l f a l f a ,  a d i s t i n c t  s h i f t  i n  wave leng th  toward  t h e  
b l u e  end  o f  t h e  spectrum w a s  observed i n  t he  p o s i t i o n  o f  t h e  
red edge o f  the  c u t  a l f a l f a  r e l a t i v e  t o  t h e  red edge p o s i t i o n  
o f  t h e  uncut  a l f a l f a .  The i n v e s t i g a t o r s  a l s o  conclude  t h a t  
AVIRIS spectra may be u s e f u l  i n  d e t e c t i n g  small  amounts ( 2 0  
t o  30% cover )  o f  semi-arid and a r i d  v e g e t a t i o n  ground cover .  

Elvidge (1988) u s e d  l a b o r a t o r y  and  f i e l d  r e f l e c t a n c e  
data  from 3 large,  uni form t a r g e t s  o f  high, i n t e r m e d i a t e  and 
low b r i g h t n e s s  f o r  c o r r e c t i n g  A V I R I S  d a t a  from J a s p e r  Ridge, 
C a l i f o r n i a  t o  p e r c e n t  r e f l e c t a n c e .  The area s t u d i e d  i s  a 
large n a t u r a l  v e g e t a t i o n  preserve which c o n t a i n s  most o f  t he  
ma jo r  p l a n t  communit ies  found a l o n g  t h e  c e n t r a l  C a l i f o r n i a  
c o a s t .  H igh ly  l i n e a r  r e l a t i o n s h i p s  w e r e  found between the  
d i g i t a l  numbers and r e f l e c t a n c e  f o r  t h e  3 c a l i b r a t i o n  targets  
i n  t h e  f i r s t  two s p e c t r o m e t e r s .  However, c h a n g e s  i n  
i n s t r u m e n t  r e s p o n s e  i n  t h e  l a s t  2 s p e c t r o m e t e r s  i nduced  by 
f a c t o r s  d i s c u s s e d  ear l ier  i n  t h i s  p a p e r  caused  the  DN o f  t h e  
b r igh t  t a rge t  a t  t he  n o r t h  end o f  t h e  f l i g h t  l i n e  t o  deviate 

g r a n i t i c  r o c k  a n d  h a v i n g  no v e g e t a t i o n  p r e s e n t .  A 
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from a l i n e a r  fit  w i t h  t h e  o t h e r  2 t a rge t s  f u r t h e r  s o u t h  
a l o n g  t h e  f l i g h t  l i n e .  S p e c t r o m e t e r  C a n d  D da t a  were 
t h e r e f o r e  c o r r e c t e d  on ly  w i t h  t h e  r e f l e c t a n c e  data from t h e  2 
s o u t h e r n  t a rge t s .  The r e s u l t s  o f  t h e  a n a l y s i s  o f  t h e  
c a l i b r a t e d  data  showed d i s t i n c t  r e f l e c t a n c e  spectra from 5 
p l a n t  communities,  i n c l u d i n g  4 c o n t a i n i n g  g r e e n  v e g e t a t i o n  
and 1 c o n t a i n i n g  a d r y  annua l  g r a s s l a n d .  S p e c t r a l  f e a t u r e s  
i d e n t i f i e d  i n  t h e  data  were t i e d  t o  pigment a b s o r p t i o n  i n  t h e  
v i s i b l e  spectrum, t o  t h e  red edge, t o  l eaf  water a b s o r p t i o n s  
a t  0 .97 and 1 .19  p m ,  and t o  l i g n o - c e l l u l o s e  a b s o r p t i o n s  a t  
2.09, 2.26, and 2 .33  p. A l i g n o - c e l l u l o s e  v e g e t a t i o n  index  
image w a s  produced from the  data  having  v e r y  good c o r r e l a t i o n  
w i t h  known l i g n o - c e l l u l o s e  c o n c e n t r a t i o n s  on the ground. 

Swanberg (1988) has comple ted  t h e  f irst  phase o f  a 2 
phase s tudy t o  assess the  u t i l i t y  o f  AVIRIS data f o r  remotely 
a c q u i r i n g  i n f o r m a t i o n  on p l a n t  c h e m i s t r y .  She assessed t h e  
g e o m e t r i c  a n d  r a d i o m e t r i c  p r o p e r t i e s  o f  da t a  sets  from 
c e n t r a l  Oregon f o r  p i x e l  s i z e ,  swath w i d t h ,  spectral  p o s i t i o n  
and SNR. H e r  i n - f l i g h t  a n a l y s i s  o f  image geometry compares 
w e l l  w i t h  t h e  l a b o r a t o r y  measured v a l u e s  f o r  IFOV and  FOV, 
t h e  s m a l l  d i f f e r e n c e s  b e i n g  due most l i k e l y  t o  t o p o g r a p h i c  
effects .  T h e  LOWTRAN 6 a tmosphe r i c  mode l l ing  code w a s  u sed  
t o  e v a l u a t e  s p e c t r a l  p o s i t i o n  by compar ing  a 5 0  p i x e l  
averaged A V I R I S  spec t rum w i t h  a LOWTRAN spec t rum c a l c u l a t e d  
f o r  a m i d - l a t i t u d e ,  mid-summer, 0 . 5  a l b e d o  model. From the  
v i s u a l  i n s p e c t i o n  o f  t h e  two r a d i a n c e  c u r v e s ,  agreement  w a s  
found t o  w i t h i n  1 AVIRIS s p e c t r a l  bandwidth o r  1 0  nm, which 
i s  t h e  r e s o l u t i o n  o f  such an  approach.  SNR w a s  c a l c u l a t e d  a t  
two t a r g e t s  by d i v i d i n g  t h e  mean s i g n a l  level a t  each by the  
s t a n d a r d  d e v i a t i o n  o f  t h e  s i g n a l .  F i f t y  p i x e l s  f rom a 
b r i g h t ,  r e l a t i v e l y  homogeneous beach and 9 p i x e l s  from a dark 
f o r e s t  s i te w e r e  used t o  de te rmine  t h e  upper  and lower bounds 
r e s p e c t i v e l y ,  o f  SNR. Swanberg concludes  t h a t  f o r  t h e  second 
phase of her s t u d y ,  which i s  t o  a n a l y z e  AVIRIS  spectra f o r  
p l a n t  c h e m i s t r y  s i g n a t u r e s ,  she w i l l  u s e  d a t a  o n l y  from 
s p e c t r o m e t e r s  A and B s i n c e  t he  SNR o f  s p e c t r o m e t e r s  C and D 
is t o o  l o w  i n  t h e  1987 data.  

Ba i l ey  e t  a l .  (1988) ana lyzed  A V I R I S  data  from t h e  Drum 
Mountains, Utah, t o  assess s e n s o r  performance and the  u t i l i t y  
o f  t he  d a t a  f o r  g e o l o g i c a l  mapping i n  an  area o f  well-exposed 
diverse  r o c k  and  a l t e r a t i o n  t y p e s .  T h e i r  a s s e s s m e n t  o f  
c o h e r e n t  n o i s e  and i d e n t i f i c a t i o n  o f  the  low o u t p u t  channnels  
agrees w e l l  w i t h  r e s u l t s  o b t a i n e d  by t h e  AVIRIS p r o j e c t .  To 
a v o i d  contaminat ion by the  low o u t p u t  channels ,  t h e y  chose  t o  
work w i t h  r a w  data  p rocessed  wi thou t  spectral resampl ing ,  and 
a mod i f i ed  dark c u r r e n t  s u b t r a c t i o n  approach  w a s  t a k e n  t o  
a v o i d  i n t r o d u c i n g  e r r o r s  due  t o  t h e  o f f s e t  s h i f t s  n o t e d  
above .  A l so ,  a G a u s s i a n  n o t c h  f i l t e r  w a s  s u c c e s s f u l l y  
applied t o  remove some o f  t h e  major  n o i s e  components.  SNR 
w a s  c a l c u l a t e d  on a b r i g h t  h a r d p a n  t a r g e t  a f t e r  t h e s e  
c o r r e c t i o n s  a n d  found  t o  be g e n e r a l l y  l o w e r  t h a n  t h o s e  
r e p o r t e d  by  t h e  p r o j e c t  a t  t he  s t a r t  o f  t h e  f l i g h t  season ,  
which i s  i n  agreement  w i t h  p o s t - f l i g h t  s e a s o n  l a b o r a t o r y  
v e r i f i c a t i o n  o f  t h e  o v e r a l l  d r o p  i n  SNR by t h e  e n d  o f  t h e  
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summer. To assess the  s p e c t r a l  c o n t e n t  o f  t h e  data, several 
a n a l y s i s  approaches w e r e  used i n c l u d i n g  t h o s e  a s s o c i a t e d  w i t h  
t h e  JPL-developed Spectral  Analys is  Manager (SPAM) s o f t w a r e ,  
and s t a n d a r d  image p r o c e s s i n g  and enhanc ing  t e c h n i q u e s  such  
as band r a t i o i n g ,  band averaging ,  and  p r i n c i p a l  components 
a n a l y s i s .  Mixed r e s u l t s  w e r e  o b t a i n e d :  Data f rom 
s p e c t r o m e t e r s  A and  C were a d e q u a t e  f o r  i d e n t i f y i n g  i r o n -  

t h e  a b i l i t y  t o  d i s c r i m i n a t e  and  i d e n t i f y  h y d r o x y l - b e a r i n g  
r o c k s  and  m i n e r a l s  o r  d i f f e r e n t i a t e  c a r b o n a t e  m i n e r a l s ,  

LGUC-ULLO UUUVU-LUL+U ..Ab** these 
m a t e r i a l s  w e r e  r e so lved .  

The s t u d y  by Mustard and Pieters (1988) w a s  l imi t ed  by 
t h e  fac t  t h a t  AVIRIS  missed t h e  p r ime  area i n  t h e i r  t e s t  
s i t e ,  a l t h o u g h  u s e f u l  f i e l d  s t u d i e s  were conduc ted  t o  pave 
t h e  way f o r  f u t u r e  AVIRIS d a t a  c o l l e c t i o n  when t h e  s e n s o r  i s  
r e t u r n e d  t o  o p e r a t i o n s  w i t h  improved per formance .  T h e  t e s t  
area i s  t h e  Kings-Kaweah o p h i o i i t e  melange i n  e a s t - c e n t r a l  
C a l i f o r n i a ,  which i s  though t  t o  be a n  o b d u c t e d  o c e a n i c  
f r a c t u r e  zone. The e v e n t u a l  g o a l  o f  t he  s t u d y  i s  t o  map the 
d i s t r i b u t i o n  and  abundance of key m i n e r a l  components i n  t h e  
melange w i t h  AVIRIS  t o  determine the  importance o f  g e o l o g i c a l  
p r o c e s s e s  which are r e spons ib l e  f o r  the  format ion  of  f r a c t u r e  
zone c r u s t .  

Wetland v e g e t a t i o n  n e a r  San F r a n c i s c o  w a s  t h e  ta rge t  o f  
i n t e r e s t  t o  Gross e t  a l .  (1988)  i n  the i r  assessment  o f  AVIRIS 
da ta  u t i l i t y .  Using SPAM t o  a n a l y z e  J P L - r a d i o m e t r i c a l l y  
c o r r e c t e d  data, t h e y  concen t r a t ed  the i r  e f f o r t s  i n  the  0 . 4  t o  
1 . 7 2  pm r e g i o n ,  i g n o r i n g  t h e  s p e c t r a l  r e g i o n  c o v e r e d  by 
spec t romete r  D because of  low SNR. Averages o f  5 by 5 p i x e l s  
w e r e  g e n e r a l l y  used  i n  c o n s t r u c t i n g  s p e c t r a l  c u r v e s  from the  
da ta .  The i r  r e s u l t s  sugges t  t h a t  despi te  low SNR, it i s  
p o s s i b l e  t o  detect  differences i n  t h e  p o s i t i o n  o f  t h e  red 
edge, and t h a t  there may be several narrow spec t ra l  r e g i o n s  
between 0 . 4  and 1 . 7 2  p where ampl i tude  and s l o p e  v a r i a t i o n s  
f o r  v a r i o u s  v e g e t a t i o n  t y p e s  are s u f f i c i e n t l y  d i f f e r e n t  t o  
e n a b l e  them t o  be d i s t i n g u i s h e d .  These i n c l u d e  t h e  0.76- 
0 .77 ,  0.80-0.84, 1.04-1.09, 1.29-1.33, 1.50-1.52, and 1.57- 
1 .65  p r e g i o n s .  

Carrere and  Abrams ( 1 9 8 8 )  c h o s e  t h e  G o l d f i e l d  Mining 
Distr ic t  of wes te rn  Nevada f o r  t h e i r  t es t  area because  o f  the  
large s u i t e  o f  hydro thermal  a l t e r a t i o n  m i n e r a l s  i n  a w e l l -  
mapped and wel l -exposed s e t t i n g .  They worked w i t h  r a w  data,  
c o r r e c t i n g  them f o r  dark c u r r e n t  v a r i a t i o n s  a n d  d e t e c t o r  
r e a d o u t  d e l a y  w i t h  s o f t w a r e  w r i t t e n  f o r  t h a t  p u r p o s e .  
A tmospher i c  c o r r e c t i o n  was achieved by a p p l y i n g  t h e  f l a t  
f i e l d  t e c h n i q u e  u s i n g  a 9 by 9 p i x e l  average from t h e  
s p e c t r a l l y  b l a n d  and s p a t i a l l y  homogeneous Chispa a n d e s i t e  as 
r e f e r e n c e .  Unambiguous k a o l i n i t e  and  a l u n i t e  spectra w e r e  
o b t a i n e d  from t h e  p r o c e s s e d  da ta  and  ver i f ied  t h r o u g h  f i e l d  
and l a b o r a t o r y  work. Poor  SNR p r o h i b i t e d  t h e  p r o d u c t i o n  o f  
m i n e r a l  a n d  a l t e r a t i o n  zone maps w i t h  the  t e c h n i q u e s  
avai lable  w i t h  SPAM o r  w i t h  r a t i o  o r  c l u s t e r i n g  t e c h n i q u e s ,  
however. Assessment of s e v e r a l  a s p e c t s  o f  s e n s o r  performance 

oxide-bearing rmks, but p G G r  SNR in spectrometer D limited 
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w a s  a l s o  conducted, i n c l u d i n g  long-per iod  d r i f t  i n  in s t rumen t  
r e s p o n s e  over  a several minute  d u r a t i o n  f l i g h t  l i n e ,  sudden 
s teps  i n  s c e n e  b r i g h t n e s s ,  n o i s e ,  SNR, a n d  s p e c t r a l  
r e s o l u t i o n .  Thei r  f i n d i n g s  on i n - f l i g h t  per formance  are  i n  
good agreement w i t h  o t h e r  r e s u l t s  p r e s e n t e d  a t  t h e  workshop. 

Crowley e t  a l .  (1988) s t u d i e d  AVIRIS  data q u a l i t y  a t  the  
r a r e - e a r t h - e l e m e n t - b e a r i n g  c a r b o n a t i t e  complex a t  Mountain 
Pass ,  C a l i f o r n i a ,  a s i t e  w e l l - s u i t e d  f o r  a s s e s s m e n t  of  
spectral  and r a d i o m e t r i c  performance because  o f  t he  p r e s e n c e  
of  m i n e r a l s  w i t h  v e r y  narrow and  deep a b s o r p t i o n  f e a t u r e s ,  
and  a l a r g e  homogeneous, s p e c t r a l l y  b l a n d  p l a y a  and  o t h e r  
t a r g e t s  f o r  f i e l d  c a l i b r a t i o n .  They derived SNR estimates 
t h a t  w e r e  i n  g e n e r a l  agreement  w i t h  t h e  p re - f l i gh t  s e a s o n  
v a l u e s  t a b u l a t e d  ear l ie r  i n  t h i s  p a p e r ,  and  c h a r a c t e r i z e d  
p e r i o d i c  n o i s e  a t  severa l  f r e q u e n c i e s  h a v i n g  s t r o n g  
h o r i z o n t a l  and weak ver t ica l ,  and h o r i z o n t a l  o n l y  f r equency  
d e p e n d e n c i e s .  Two p r o c e d u r e s  w e r e  u s e d  t o  c o r r e c t  f o r  
a tmospher ic  and s o l a r  i r r a d i a n c e  effects,  t h e  f l a t  f i e l d  and 
s i n g l e  spectrum t e c h n i q u e s .  The s i n g l e  spec t rum t e c h n i q u e  
c o n s i s t s  of  d i v i d i n g  a spectrum from a ground t a r g e t  by the  
c o r r e s p o n d i n g  r a d i o m e t r i c a l l y  c a l i b r a t e d  b u t  o t h e r w i s e  
u n c o r r e c t e d  A V I R I S  spec t rum,  and  a p p l y i n g  the  r e s u l t i n g  set 
o f  sca la rs  f o r  each s p e c t r a l  c h a n n e l  t o  t h e  res t  o f  t h e  
AVIRIS image. The 3 rare-earth (neodymium) narrow a b s o r p t i o n  
f e a t u r e s  between 0 . 7  and  0 . 9 4  pm, a s  w e l l  a s  f e a t u r e s  due t o  
C03 a n d  A1-OH w e r e  c l e a r l y  o b s e r v a b l e  i n  t h e  p r o c e s s e d  
s p e c t r a .  

Green e t  a l .  (19881 ,  i n  a p a r a l l e l  b u t  l a r g e l y  
independent  s t u d y  o f  t h e  same area u s e d  t he  rare-earth as 
w e l l  as  a t m o s p h e r i c  a b s o r p t i o n  f e a t u r e s  t o  q u a l i t a t i v e l y  
d e t e r m i n e  i n - f l i g h t  spectral  bandwidths  and  p o s i t i o n s ,  and  
u s e d  t h e  LOWTRAN 7 a t m o s p h e r i c  code  i n  c o n j u n c t i o n  w i t h  
measurements of a tmosphe r i c  o p t i c a l  d e p t h  and r e f l e c t a n c e  o f  
Ivanpah Playa and o t h e r  ground targets ,  a l l  o b t a i n e d  n e a r  t h e  
t i m e  of  o v e r f l i g h t ,  t o  assess i n - f l i g h t  SNR. Using f i e l d -  
measured r e f l e c t a n c e  da t a  from t h e  P l a y a ,  an  a s p h a l t  and a 
g raded  s o i l  t a rge t ,  an  empirical l i n e  c o r r e c t i o n  w a s  a p p l i e d  
t o  t h e  d a t a  t o  compensa te  f o r  s o l a r ,  a t m o s p h e r i c  a n d  
i n s t r u m e n t a l  f a c t o r s .  Us ing  t h e  c o n c u r r e n t l y  a c q u i r e d  
s u r f a c e  and a t m o s p h e r i c  measurements,  a n  improved s p e c t r a l  
c a l i b r a t i o n  w a s  performed.  Radiometr ic  c a l i b r a t i o n  w a s  done 
u s i n g  LOWTRAN 7 model led  r a d i a n c e  o v e r  Ivanpah .  From these 
data,  s h i f t s  i n  s p e c t r a l  a l ignment  o f  s p e c t r o m e t e r s  B, C and 
D w e r e  found r e s p e c t i v e l y ,  o f  4 nm and 1 pm toward  t h e  b l u e ,  
a n d  3 nm t o w a r d  t h e  red. The spec t r a l  b a n d w i d t h s  o f  
s p e c t r o m e t e r s  A and B were found t o  have broadened  t o  15 and 
1 7  nm r e s p e c t i v e l y .  SNR over  Ivanpah P laya  normal ized  t o  t h e  
AVIRIS  r e f e r e n c e  r a d i a n c e  model w a s  found t o  be lower  f o r  
s p e c t r o m e t e r s  A and  B t h a n  measured i n  t h e  l a b o r a t o r y  p r e -  
f l i g h t  season c a l i b r a t i o n ,  which i s  c o n s i s t e n t  w i t h  t h e  f ac t  
t h a t  t h e  o p t i c a l  f ibers  t o  these s p e c t r o m e t e r s  w e r e  detached 
a t  t h e  t i m e  o f  t h e  f l i g h t ,  w h i l e  t h e  i n - f l i g h t  SNR f o r  
spec t romete r s  C and D w a s  roughly e q u i v a l e n t  t o  t h a t  measured 
pre- f l igh t  i n  t he  l a b o r a t o r y .  A comparison of t he  geomet r i c  
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q u a l i t y  o f  t h e  A V I R I S  imagery w a s  a l s o  made re la t ive  t o  a 
Landsa t  Thematic Mapper image o f  t h e  same a r e a .  A V I R I S  
c l e a r l y  r e s o l v e s  more s p a t i a l  d e t a i l  on t h e  s u r f a c e  w h i l e  
showing e x c e l l e n t  i n t r a - i m a g e  g e o m e t r y .  F i n a l l y ,  t h e  
neodymium a b s o r p t i o n  features between 0 . 7  and  0.94 pm w e r e  
unambiguously r e so lved .  

SENSOR PERFORMANCE IMPROVEMENTS 

E f f o r t s  a r e  u n d e r  way t o  improve t h e  pe r fo rmance  o f  
AVIRIS  f o r  t h e  n e x t  f i e l d  season .  T h e  2 major  t h r u s t s  i n  
p e r f o r m a n c e  improvement a r e  (1) i n c r e a s e  i n  SNR a n d  ( 2 )  
improved r a d i o m e t r i c  r e sponse  s t a b i l i t y .  Table 4 l i s t s  t h e  
areas o f  work and  t h e  aspect o r  a s p e c t s  o f  per formance  t h a t  
are targeted f o r  improvement. 

The f i r s t  7 i t e m s  i n  Table  1 were comple ted  and  t h e  
i n s t r u m e n t  was t e s t e d  i n  t he  l a b o r a t o r y  o v e r  t h e  s u m m e r  o f  
1988, and  i n - f l i g h t  i n  e a r l y  September,  1988. The r e s u l t s  
were e n c o u r a g i n g :  The i n s t r u m e n t  r a d i o m e t r i c  r e s p o n s e  
f u n c t i o n s  w e r e  s i g n i f i c a n t l y  more s table  t h a n  d u r i n g  t h e  1987 
f l i g h t s ,  a l t h o u g h  anomal ies  were obse rved  which it i s  hoped 
may be p a r t i a l l y  m i t i g a t e d  b y  i t e m  number 9; s i g n a l  levels  
g e n e r a l l y  w e r e  t he  h ighes t  y e t  achieved from the  i n s t r u m e n t  
and  matched the  model led  l eve l s  f o r  a l l  b u t  s p e c t r o m e t e r  D 
which, because o f  t h e  a b e r r a t i o n s  i n h e r e n t  i n  i ts des ign ,  has  
a larger s p o t  s i z e  t h a n  t h e  o t h e r  spec t romete r s ,  r e s u l t i n g  i n  
s i g n a l  l o s s  o f f  t h e  d e t e c t o r s ;  and,  there  w a s  a g e n e r a l  
improvement i n  no i se ,  e s p e c i a l l y  coherent  no i se ,  which w a s  

Table 4 .  AVIRIS  p r o j e c t  a c t i v i t i e s  directec! a t  h p r ~ v i n c ;  
s e n s o r  performance. 

Engineer ing  A c t i v i t y  
Undertaken 

Performance I s s u e  ( s )  
Addre s sed 

1. Improve spec t rometer  S t a b i l i z e  r ad iomet r i c  response 
thermal c o n t r o l l e r s  func t ion  and s p e c t r a l  

a1 ignment 

2 .  Kinemat ica l ly  mount Reduce heat flow and 
spec t romete r s  t o  rack v i b r a t i o n s  from rack and 

mitigate effects of  
rack  warpage on al ignment  

3 .  Improve o p t i c a l  f iber Minimize chance o f  f u t u r e  
package defocus o f  ins t rument  

4 .  Implement new fiber Fac i l i t a t e  o p t i c a l  alignment - 
p o s i t i o n e r s  maximize s i g n a l  levels 
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Table 4 .  (contd)  

Engineer ing A c t i v i t y  
Undertaken 

Performance I s s u e  (s)  
Addressed 

5. Remove KDP f i l t e r  from S t a b i l i z e  r a d i o m e t r i c  response  
spec t rometer  B f u n c t i o n  

6. Real ign f o r e o p t i c s  Minimize v i g n e t t i n g  

7 .  Bu i ld  new p re -ampl i f i e r  S t a b i l i z e  s i g n a l  cha in  
and c lock  driver boards  performance and reduce n o i s e  

8. Repackage d e t e c t o r  drive Reduce s i g n a l  c h a i n  n o i s e  
l o g i c  

9. Remove d e l r i n  rod  between S t a b i l i z e  spec t rometer  
dewar mount and spectrom. alignment 

g r e a t l y  reduced from t h e  levels seen  e a r l y  i n  t h e  1987 f l i g h t  
s e a s o n .  However, o v e r a l l ,  t h e r e  w a s  o n l y  a modes t  
improvement i n  SNR as a r e s u l t  o f  reduced  c o h e r e n t  n o i s e  and 
much more stable s i g n a l  cha in  e l e c t r o n i c s  performance.  A f t e r  
t h e  i n - f l i g h t  t e s t i n g  i n  September  1988 ,  a d d i t i o n a l  
e x p e r i m e n t s  w e r e  conduc ted  i n  t h e  l a b o r a t o r y  which showed 
t h a t  (1) s i g n a l  c h a i n  packaging  was r e s p o n s i b l e  f o r  much o f  
t h e  remain ing  sys t em n o i s e ,  and ( 2 )  t h e  d e l r i n  r o d  t h a t '  i s  
t h e  mechanical i n t e r f a c e  between each  dewar mounting assembly 
and t h e  s p e c t r o m e t e r  body i s  n o t  s u f f i c i e n t l y  r i g i d  f o r  t h a t  
a p p l i c a t i o n ,  a l l o w i n g  some movement o f  t h e  dewar u n d e r  
v a r i o u s  c o n d i t i o n s  t h a t  e x i s t  i n  b o t h  t h e  l a b  and  f l i g h t  
envi ronments .  These r o d s  are b e i n g  replaced w i t h  aluminum. 
T h e  s i g n a l  c h a i n  packaging  w a s  i m p l i c a t e d  as  a n o i s e  s o u r c e  
t h r o u g h  s u b s t i t u t i o n  t e s t i n g  o f  each s p e c t r o m e t e r  w i t h  t he  
breadboard  e l e c t r o n i c s ,  which when s u b s t i t u t e d  f o r  t h e  f l i g h t  
e l e c t r o n i c s  on t h e  i n s t r u m e n t  rack, gave n o i s e  levels t h a t  
w e r e  2 t o  4 t i m e s  lower .  A s  a weight s a v i n g  s t r a t e g y  t o  meet 
t h e  r e q u i r e m e n t s  f o r  f l y i n g  on t h e  NASA U-2 a i r c r a f t ,  t h e  
d e t e c t o r  drive l o g i c  w a s  o r i g i n a l l y  packaged i n  t he  same box 
w i t h  o t h e r  l o g i c  c i r c u i t r y  u s i n g  a common power s u p p l y  and 
master c l o c k .  Moreover,  b e c a u s e  o f  i t s  s i z e ,  t h e  box i s  
l o c a t e d  a t  t h e  o t h e r  e n d  o f  t h e  A V I R I S  rack from t h e  
s p e c t r o m e t e r s ,  r e q u i r i n g  l o n g  e l ec t r i ca l  cables which a re  
s u s c e p t i b l e  t o  n o i s e  p ick  up. T h e  weight c o n s t r a i n t s  o f  the  
U-2 have been relieved now t h a t  the  l a s t  of  t h e  U-2s has been 
re t i red and  replaced w i t h  t h e  more capable ER-2, so t h e  
d e t e c t o r  drive l o g i c  i s  b e i n g  repackaged w i t h  i t s  own power 
supply  and c lock  and l o c a t e d  much c l o s e r  t o  t h e  s p e c t r o m e t e r s  
t o  minimize c a b l e  l e n g t h .  I t  i s  hoped t h a t  t h i s  w i l l  r e s u l t  
i n  a s i g n i f i c a n t  n o i s e  improvement.  The e n g i n e e r i n g  team 
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p l a n s  t o  f i n i s h  t h e  work i n  t h e  Spr ing  of 1989 and v e r i f y  i n -  
f l i g h t  performance wi th  another  f i e l d  c a l i b r a t i o n  exper iment .  

SUMMARY 

Judged by most c r i t e r i a ,  the  1987 f l i g h t  s eason  and 
performance e v a l u a t i o n  e f f o r t  were s u c c e s s f u l  i n  meet ing t h e  
o b j e c t i v e s  cf assessing d a t a  quality afid s e n s o r  perfarm-ance 
The r e s u l t s  of t h e  e v a l u a t i o n  by t h e  AVIRIS p r o j e c t  and t h e  
independent  performance eva lua t ion  i n v e s t i g a t o r s  provided  t h e  

information needed to 
b r i n g  A V I R I S  performance t o  i t s  d e s i r e d  l e v e l s .  I n  s p i t e  of 
degraded  d a t a  q u a l i t y  over  t h e  cour se  of t h e  summer, some 
e x c i t i n g  s c i e n t i f i c  r e s u l t s  were a l s o  o b t a i n e d  from t h e  
p rogram,  which b o d e s  w e l l  f o r  t h e  f u t u r e  of  imag ing  
spec t roscopy .  I f  t h e  AVIRIS eng inee r ing  team i s  s u c c e s s f u l  
i n  i t s  work o v e r  t h e  n e x t  few months ,  t h e  enhanced  
per formance  of t n e  s e n s o r  and t h e  knowledge g a i n e d  by t h e  
members of t h e  e a r t h  s c i e n c e  community who p a r t i c i p a t e d  i n  
t h e  1987  e v a l u a t i o n  program shou ld  a l l o w  u s  t o  l aunch  a 
v igorous  and e x c i t i n g  new phase of earth remote s e n s i n g .  

engineering team w i t h  3 great  deal of 
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